In order to analyze the magnetic behaviors of iron complexes biologically synthesized in magnetic bacteria MS-1, we performed FMR (Ferromagnetic Resonance) measurements for each fraction of the cell. We observed FMR spectra from the ferric iron (Fe 3þ ) compounds distributed in each fraction of the MS-1 cell. In particular, the magnetosome fraction yielded an anisotropic FMR signal, whereas other fractions were simple FMR spectra of a Gaussian type.
Introduction
Magnetotactic bacteria are the microbes that synthesize magnetic nano-particles designated as magnetosomes. These are composed of crystals of magnetite (Fe 3 O 4 ), or greigite (Fe 3 S 4 ), surrounded by a phospholipid bilayer. 1) Magnetotactic bacteria swim along magnetic fields 2) (magnetotaxis), so that they utilize geomagnetic fields to search for microaerobic environments. Magnetosomes are formed in multiple chains. A chain of magnetosomes functions as single magnetic dipole.
3) Magnetite crystals in magnetosomes have species-specific crystal morphology and a narrow size distribution. Additionally, they have both high chemical purity and crystallinity. 1) Thus magnetosomes are excellent magnetic beads. 4) Studies of the mechanisms of magnetosome formation have principally concentrated on those strains of magnetosomes consisting of magnetite, such as M. magnetotacticum MS-1, 5) M. magneticum AMB-1 6) and M. gryphiswaldense.
7)
With the aid of molecular biology, the functions of several proteins involved in magnetosome formation have been elucidated. [8] [9] [10] [11] [12] [13] Based upon these studies, several models for magnetosome formation have been proposed. 1, 14) While many studies focused on the characterization of the proteins, little research on the process of formation of magnetites crystals has been carried out. [15] [16] [17] Frankel et al. detected ferrihydrite (5Fe 2 O 3 Á9H 2 O) from M. magnetotacticum MS-1 using Mössbauer spectroscopy. They concluded that magnetite was formed via the partial reduction of ferrihydrite. 15) Faivre et al. have also detected ferrihydrite and a high spin ferrous complex from M. gryphiswaldense. 16) They suggested that ferrihydrite is derived from ferritin. According to their research, these iron species provides Fe ion necessary for the production of magnetite. Using laser Raman microscopy, Watanabe et al. found that formation of Raman peaks can be attributed to ferrihydrite and magnetite.
17) The Raman peaks observed in magnetosome in the magnetosome fraction were due to magneites. Conversely, the Raman signals caused by ferrihydrites were detected in the cytoplasm, membrane and magnetosome membrane fractions. However, the role of these iron species remains undefined.
EPR (Electron paramagnetic resonance) can detect iron compounds containing Fe 3þ . The trivalent ion has an electron configuration of 3d 5 and is paramagnetic. 18) Note that Fe 2þ ion (3d 6 ) is diamagnetic, so that it is non-detectable using the EPR metnod. Thus far, EPR studies on the biogenic magnetic compounds have been limited in number. [19] [20] [21] [22] Whitehead et al. have reported that the biofilms from a river side showed an EPR signal originating from Fe-metabolizing bacteria. They identified the EPR spectra of ferrihydrite, hematite and magnetite. 19 ) FMR (Ferromagnetic resonance) studies have also identified biogenic magnetite and ferrihydrite. [20] [21] [22] However, these studies were concerned only with the FMR of magnetite and ferrihydrite fractions, but not those of other cell fractions.
In the present study, we revealed the paramagnetic properties of iron compounds in the fractions of M. magnetotacticum MS-1 cell. We also determined the distribution of iron ions. The FMR spectra for each cell fraction were recorded using EPR spectroscopy. We compared these findings with the results obtained through laser Raman spectroscopy.
Experimental

Sample preparation
We fractionated the M. magnetotacticum MS-1 cell into magnetosome (MS), membrane (MM), cytoplasmic (CP), and cell debris (CD) fractions. These samples were subjected to EPR measurements. Intact cells were used for the whole cell (WC) measurement. Each cell fraction and the WC were lyophilized and subjected to EPR measurement. The culture conditions of M. magnetotacticum MS-1 and the preparation method were previously described by Watanabe et al. 17) Each cell fraction was well separated and purified to prevent mutual contamination.
EPR spectroscopy
EPR measurements were carried out on an EPR spectrometer (JES-FE1XG, JEOL, Tokyo). All the EPR spectra were recorded at the X-band (9.3 GHz). To detect all the radical species in the sample, we employed a field sweep of 0$500 mT. Magnetic field modulation and demodulation were operated at 100 kHz, and hence all EPR spectra were recorded at the first harmonic mode. All the EPR measurements were made at room temperature. EPR spectra were measured with a microwave power of 1.0 mW and modulation amplitude of 0.063 mT. The asymmetry parameter A was employed to describe FMR spectra and defined by
where
H high and H low are the magnetic fields at the half-height of the maximum absorption at respectively the high and low fields in the absorption peak.
20)
The measured spectra were digitalized using WinRad (Radical research Co. Tokyo). FMR spectra were analyzed according to the Gaussian line shape. The following Gaussian function was used to define the resonance field H r and line width À.
This numerical function is generated on Mathematica ver. 6.3 (Wolfram research, Stanford). The recorded EPR spectra were fitted to the function GðH r ; ÀÞ through the use of the Mathematica program. The number of spins was evaluated by the double integration of EPR spectra. For the calibration of the absolute number of spins, we employed a standard sample of 1 mM solution of DPPH-benzene (both Aldrich, Tokyo).
Counting iron
The number of iron atoms was determined using the modified 1.10-phenanthroline method (JIS H1353). The cell fraction was dissolved in 18 N H 2 SO 4 at 95 C, then the solution was diluted 240-fold with dH 2 O. Sample solution (1000 mL) was mixed with 10% hydroxyl ammonium chloride (150 mL), an acetate buffer with a pH 4.6 (350 mL), and 5.5 mM of 1.10-phenanthroline (350 mL). Distilled water was added to give a total volume of 5000 mL. After incubating for 30 min at room temperature, A 510 was measured by a UV-VIS spectrophotometer (UV Mini 1240, Shimadzu). The iron concentration was calculated from molar absorption coefficient of 1:11 Â 10 4 LÁmol À1 Ácm À1 . The measurements were repeated seven times to confirm their accuracy.
Counting cell
The number of cells was estimated by means of a direct count using a Petroff-Hausser cell-counting chamber under a phase-contrast microscope (BX51, OLYMPUS).
Results
Spectral features
The FMR spectra for M. magnetotacticum MS-1 cell fractions were shown in Fig. 1 . The line width, g-value and asymmetry parameter are summarized in Table 1 . The FMR spectrum of the whole cell (WC) showed a wide line width and an asymmetric line shape (A ¼ 0:33). The MS fraction showed a slightly high g-value (2.083), and a much wider line width (162 mT) as compared with other fractions. The line shape of the FMR of the MS fraction was nearly symmetric (A ¼ 0:71). However, it could not be approximated using the simple Gaussian line shape. The FMR spectra for the MM and CP fractions indicated the similar g-value (2.065) and a similar line width (c.a. 50 mT). Figure 2 shows that both the spectra were approximated by the Gaussian function of G (327, 25) ( Fig. 2(a) and 2(b) ). The FMR spectrum for the CD fraction indicated the same g-value as those of the MM and CP fractions. The spectrum for the CD fraction was approximated by G (327, 32). In order to evaluate the spin concentration (spin/gram), the EPR spectra were numerically integrated twice (double integration: DI) along the magnetic field. The DI of the spectrum for the MS fraction yielded the largest value (4:5 Â 10 6 =10 10 cells). The DI values of the spectrum for the CP, MM, and CD fractions were 0:19 Â 10 6 =10 10 cells, 0:7 Â 10 6 =10 10 cells and 0:5 Â 10 6 =10 10 cells, respectively. Table 2 summarizes the number of spins as determined by the standard sample.
Distribution of Fe ions
The iron contents at various cell fractions in the MS-1 cell is summarized in Table 2 which shows both the mean and deviation of the iron content as determined by the 1.10-phenanthroline method. The iron content of the MS, MM and CP fractions were of a low level with the majority of the iron concentrated in the CD fractions.
Discussion
Fractionation
A fractionation of a magnetic bacterium cell with the minute partition was performed in order to classify the magnetic properties of each fraction. This protocol enables us to define the property of the CD fraction, which hitherto had never been studied. 15, 23) In fact, magnetic studies for the biogenic magnetic bacteria have mostly ignored the CD fraction, 23) instead just concentrating on the magnetosome fractions. Thus, the present study is the first report describing the detailed magnetic properties of cell fractions including the CD fraction.
Iron distribution: number of spins versus iron
population The number of spins for the WC and the MS fractions showed larger values than those for other fractions. Thus, a major part of microwave energy was absorbed by the magnetite mainly found in the WC and the MS fractions. At a magnitude of a thousand the number of spins in the MS fraction showed a larger value than those of other fractions. This was due to the orientation effect of the spins in the applied magnetic field.
21) The excess energy from the effect of the magnetic orientation was involved in the FMR spectrum. We assume that this excess energy resulted from the orientation effect in the applied field. Figure 3 shows a correlation diagram between the number of spins and the iron population in the MS-1 cell fractions. The correlation plots for the MM, CP and CD fractions approximated a linear line, and showed a good correlation. Therefore, the majority of the iron content in these cell fractions were likely to be ferric form.
FMR spectra
The FMR spectra of the magnetite assembly consisted of a convolution of spin packets arising from spins with various orientations. Thus, the result was spectra with uniaxial and rhombic (or cubic) 21, 24) symmetries. When the samples has an uniaxial symmetry, the first derivative spectrum must show two extrema. The FMR spectrum for the WC was quite anisotropic (A ¼ 0:33). This means that the spins in the magnetite randomly oriented in the applied magnetic field, and yielded a wide distribution of spin packets. Although the Ã WC = whole cell; MS = magnetosome; MM = membrane; CP; cytoplasm; CD = cell debris. Ã WC = whole cell; MS = magnetosome; MM = membrane; CP; cytoplasm; CD = cell debris.
MS fraction involved magnetite particles, the line shape of the MS fraction was nearly symmetric (A ¼ 0:71). This fact indicates that magnetite crystals in the MS fraction had lower anisotropy than those of the WC. FMR spectra for the CP and CD fractions were nearly symmetric (A ¼ 1:1). Thus, these fractions involved particles that had weak uniaxial anisotropy. The line shape of the MM fraction was less symmetric (A ¼ 0:79). Thus the particles involved in the MM, CP and CD fractions were dominated by low uniaxial symmetry, but particles involved in the MM fraction had a larger uniaxial symmetry than the CP and CD fractions. Line width represents the strength of spin-spin interaction among paramagnetic spins. The line width for the WC was 191 mT. Thus the wide-band signal was obtained in FMR of the WC. The line width for the MS fraction was 162 mT. This indicates that spins in the magnetite crystals of the MS fraction had a weaker interaction than that of the WC. The line widths for the MM, CP and CD fractions were 51, 54 and 70 mT, respectively. Although the line width for the CD fraction was slightly larger than the other fractions, line widths for these fractions were lower than the WC and the MS fractions. The spins in the particles underwent weak interaction. The WC spectrum showed an anisotropic spectrum with a wide line width. The anisotropy of the MS fraction was lower than that of the WC. The iron populations contained in the MM, CP and CD fractions exhibited uniaxial symmetry. The FMR spectra for these fractions had symmetric line shapes and narrower line widths, and approximated the Gaussian line shape.
Comparison of FMR and Raman spectra
The MS fraction displayed a typical FMR spectrum due to the magnetite particles. 25) This result conforms to the Raman spectrum for the MS fraction as measured by Watanabe et al. 17) In the Raman spectroscopy, 17) peaks of ferrihydrite have been reported for the CP and MM fractions. Likewise, we found that the FMR spectra for the CP and MM fractions were similar line shapes. Frankel et al. estimated the diameter of the fine particle of c.a. as 10 nm. 15) Since these fractions contain fine paramagnetic particles, spins were fairy independent. Thus, the FMR spectra could be approximated using the Gaussian line shape.
The CD fraction contains the largest iron content of the total cell. Figure 3 implies that the CD fraction contains ferric iron compounds. The FMR spectrum for the CD fraction indicates that the iron compounds have uniaxial symmetry and independent spins. However, its Raman spectrum was found to have a poor signal-to-noise ratio. 17) This suggests that unknown iron compounds may exist in the CD fraction.
Iron compounds in cells of M. magnetotacticum
MS-1 Ferrihydrite has been known to act as an iron reservoir for life, 26) and storing iron proteins such as ferritin or bacterioferritin. These proteins are soluble proteins, but they have been previously reported to be a ferritin-like protein detected in a membrane fraction in Helicobacter pylori.
27) This is in good agreement with the fact that the Raman spectrum of the MM fraction indicates ferrihydrite. 17) In E. Coli, the major iron compound is a ferrous ion binding compound that consists of a phospholylated sugar derivative. 28) This compound binds approximately 40% of cytoplasmic irons and can be considered an iron pool. However, our FMR spectra showed that the iron compound was of a ferric form.
Conclusions
To analyze the paramagnetic behaviors of iron complexes synthesized in the magnetic bacteria MS-1, we performed FMR measurements for each fraction of the cell. We observed spectra from the ferric iron (Fe 3þ ) compounds distributed in each fraction of the MS-1 cell. We found that the fraction of magnetic beads indicated the anisotropic FMR signal. On the other hand, the other fractions yielded simple FMR spectra of a Gaussian type. The good correlation between the number of spins and iron population suggests that the cell fractions, other than those containing magneite, consist mostly of ferric irons.
